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ABSTRACT 
In this rapidly progressing era everything is going in small size or which we 
called miniaturization of technology. This is the time of miniature things due to 
compactness. There is a huge industry growing on parallel to the high temperature which 
we called cryogenic world. In cryogenic field there are a lot of gases which we use for 
different purposes. Helium is one of these cryogenic gases which liquefy at 4.2K. Helium 
is very costly gas so we use this in any industry in closed cycle manner. Helium goes 
down to the 4.2K so we can use it in different processes. The thermo-physical properties 
of Helium change with temperature appreciably, so we cannot treat it as a constant 
property fluid. In this age the micro-tube heat exchanger are used for heating or cooling 
of cryogenic gases. In this work we tried to find out the most suitable material, suitable 
thickness of microtube with the help of change in different parameters. In this work, a 
two dimension numerical study is carried out to study the effect of axial wall conduction 
in fully heated circular microtube (in conjugate heat transfer mode) subjected to constant 
wall heat flux at the outer surface. A microtube of inner diameter of 0.4 mm and total 
length of 60 mm is considered in the numerical modeling. The cross sectional surfaces of 
the microtube are keeps adiabatic. Simulation have been done for the change in parameter 
like flow rate (Re =100-500), wall to fluid conductivity ratio (ksf =1.71-2822.3684) and 
wall thickness to inner radius ratio (δsf =1-5). The result shows that conductivity ratio and 
wall thickness play dominant role in conjugate heat transfer process. It is found that there 
exist an optimum ksf at which Nuavg is maximum when other parameters are kept 
constant. Nuavg is found to be lower for higher wall thickness (δsf). When Helium flow 
rate is increased, it is found that Nuavg increases.                                  
Keywords: microtube, conjugate heat transfer, axial wall conduction 
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Chapter 1  
   
 Introduction 
 
Background 
In 21st century we are seeing the wide range of miniaturized power sources. Many 
different technologies are incorporated into the design of these systems including 
electrochemistry, turbo machinery, high performance insulation, micro heat exchanger, 
micro reactors, and miniaturized fluidic components. The developing utilization of 
gadgets in military and citizen requisitions has led to the widespread realization for need 
of thermal packaging and management. The utilization of greater densities and 
frequencies in microelectronic circuits for machines and computers are expanding step by 
step. It requires active cooling due to heat generated that is to be degenerate from a 
comparatively low surface area. So the progress of effective cooling techniques for 
integrated circuit chips is one of the most important existing requests of micro scale heat 
transfer which has accepted much consideration for cooling of high power electronics and 
applications in biomechanical and aerospace field. With the modern improvements in 
micro-fabrication, numerous equipment containing dimensions in the range of microns 
e.g. micro heat sinks, microreactors etc. have been developed (Khandekar and Moharana, 
2014). These are widely used in thermal management of electronic devices, spacecraft 
thermal management, microfluidics applications, MEMS systems. Due to overheating of 
ICs, the use of micro heat sink gained momentum. Innovative thermal packaging systems 
dealing with active thermal management which are compulsory for such application are 
being developed. 
Overview 
The need of efficient cooling methods for microchips has started wide research 
attention in microscale heat transfer. Microchannels have been suggested to be the 
eventual solution for eliminating high heat removal mode in microchannel systems. A 
micro heat sink is a structure that consists of many microchannels engraved on the 
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electric insulated surface of the microchip. The main advantages of microchannel heat 
sinks are their exceptionally surface area per unit volume through which heat transfer 
takes place. We can divide the miniaturize systems in two different categories. 
(a) Microscale energy systems 
(b) Mesoscale energy systems 
Microscale energy systems: - According to length scale is characterized by the 1µm to 
0.1 mm size lower range of this length scale is too small for maintaining a practical 
temperature difference for energy production, however, process heating in MEMS scale 
devices is feasible. Thus power producing concepts relying on ambient temperature 
processes will be the key to constructing practical microscale devices. Thin film structure 
will be important in this size range.  
Mesoscale energy systems: - The mesoscale regime will have the greatest opportunity 
for constructing miniature power sources. From about the 100µm level up to a few 
centimeters, this size regime allows all major power producing concepts to be 
fundamentally realized. This includes thermally based systems. The systems include are 
elevated temperature fuel cells, standard electrochemical batteries, nuclear batteries, 
thermal engines, and harvesting energy from environmental sources. 
 In a landmark talk given in 1959 entitled “There’s plenty of room at the bottom” 
Richard P. Feynman (1959) introduced the field of microscale and nanoscale engineering 
by describing a number of different scenarios and approaches to making things very 
small. He linked the potential of this new technology to early physics research at low 
temperature, or at high pressures, where discovery led to important advances in both 
science and technology. For cooling of microelectronic chips we use Micro (MHP) and 
miniature heat pipes (MHP). MHP contains microchannels for fluid flow which have 
extremely smaller hydraulic diameters normally in the range of 10 to 500 μm. Smaller 
channels used due to (a) higher heat transfer coefficient (b) higher heat transfer surface 
area per unit volume. In real applications emerging cooling methods are being used to 
remove high heat fluxes from electronic devices in the range of 100 - 1000 W/cm2. MHPs 
are thus capable to supply and extract heat to some biological micro-entities. So there is 
need to increase heat pipe parameters. 
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Objective 
The challenge in the field of microchannel heat transfer are thermophysical properties 
of working fluid, and their flow Re, bulk fluid and channel wall temperatures, passage 
cross sectional dimensions (Dh) and the number of parallel channels in the microchannel 
array. The objective of this project is to achieve all these parameter in optimize condition. 
The main parameters of interest are listed below. 
1:- Dimensionless wall and fluid temperature 
2:- Local Nusselt number 
3:- Local surface heat flux   
This work contains the application of heat transfer in lesser space at low temperature. 
The recent development toward miniaturization of equipment helps to better 
understanding the heat transfer phenomena in small dimensions. The cooling of 
superconducting and other electronic equipment in micro electro mechanical systems 
(MEMS) needs a better understanding of heat transfer problems in very small sizes and 
low temperature. We use water or air for cooling. Water and air remove heat from the 
surface of component but it not too much effective when heat generation is much higher 
due to their physical properties. We can use cryogenic fluid for remove of heat from the 
surface of component. In this work we are trying to find the efficient parameter for 
cryogenic fluid (Helium) flow. 
 
Axial back conduction 
Consider laminar fluid flow over a circular micro-channel exposed to “constant 
heat flux” boundary condition on its outer surface. In this condition it is considered that 
the heat applied on the outer surface flows in radial direction along the solid wall of the 
micro-channel by means of conduction. Once it reaches the solid-fluid interface, the heat 
flows into water and gets carried along with the flow of the fluid. The surface area (solid-
fluid interface) increases linearly in the flow direction. So, heat is added to fluid 
continuously as the fluid moves in the direction of flow, thus bulk fluid temperature 
increases in a linear manner. The micro-channel wall (at the solid-fluid interface) 
temperature also increases linearly beyond the thermally developing zone. The applied 
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interface. It is important that the channel wall is finite in thickness. Therefore when the 
heat flux is applied on the outer surface, it conducted radially towards the center of the 
channel. Once the heat reaches the inner surface of the channel, it is carried by the 
working fluid in the direction of flow. From Fig. 1.1 it can be observed that there is a 
temperature difference between any two points along the axial direction (both in the solid 
and the fluid medium) and the maximum temperature difference between the inlet and the 
outlet of the heated channel. This axial temperature difference causes potential for heat 
conduction axially along the solid, and also along the fluid towards inlet of the channel 
i.e. in a direction opposite to the direction of fluid flow. Such a situation is called “axial 
back conduction” and leads to conjugate heat transfer. It is interesting to observe in Fig. 
1.1(b) that there is no axial temperature gradient when constant wall temperature 
boundary condition is applied. As of now it is expected that under such condition there 
will not be any axial heat conduction. 
 
Fluid flow and heat transfer modelling  
The Navier-Stokes equation is valid when the mean free path is much smaller than the 
characteristics dimension of the channel. Generally, continuum approach is valid of the 
Knudsen number, Kn < 0.1. 
Knudsen number is represented, ratio of mean free molecular path (λ) to the characteristic 
flow dimension of the channel (L or Dh). The value of λ for an ideal gas model 
considering as a rigid sphere, is given by (Kakac et al., 2004) 
22
k T
P
                                                                                                                           (1.3) 
  
Governing equation for cylindrical coordinates  
 For steady two dimensional and incompressible fluid flows, the continuity, 
momentum and energy equations can be written as 
Momentum equations: 
x-component: 
2
2
1 1u u p u uu v r
dx r x r r r x

                                                                                   (1.4)  
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y-component: 
  2 21 1v v p vu v rvx r r r r r x
                                                                                (1.5)       
Energy equation: 
2
2
T T T Tu v r
x r r r r x
                                                                                         (1.6) 
where 
2 2 2
2 v v u
r r x
                          
                                                                                   (1.7)    
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Chapter 2   
                                                                  
Literature review  
  
 
  
Many researchers had studied on axial wall conduction in conventional size channels 
(Bahnke and Howard (1964); Cotton and Jackson (1985); Faghri and Sparrow (1980); 
Barozzi and  Pagliarin (1985); Davis and Gill (1970)). Studies on conventional size 
channels were less important in that rapid progressing age so research on this field was 
saturated as effect of axial wall conduction is less prominent. Due to advantages of 
microchannel systems again it gained momentum in study of axial wall conduction in 
microchannels (Peterson (1999); Maranzana et al. (2004)).  
Harley et al. (1995) had done an experimental and theoretical examination of low 
Reynolds number, high subsonic Mach number Compressible gas stream in channel. 
Helium, Nitrogen, and argon gasses were utilized. The Knudsen number extended from 
0.4 to 10.3. The measured friction factor was in great concurrence with theoretical 
expectations considering isothermal, local fully developed, first- order, slip stream 
Yang et al. (1998) studied water flow through micro-tubes with diameters across 
going from 50 to 254 µm. Micro-tubes of fused silica (FS) and stainless steel (SS) were 
utilized. Pressure drop and flow rates were measured to examine the flow parameters. 
The test results demonstrate critical takeoff of flow parameters from the forecasts of the 
tried and true hypothesis for micro-tubes with smaller diameters. For micro-tubes with 
larger diameters, the trial results are in harsh concurrence with the conventional theory. 
For lower Re, the obliged pressure drop the same as anticipated by the Poiseuille flow 
theory. At the same time, as Re increments, there is a huge increment in pressure gradient 
contrasted with that anticipated by the Poiseuille flow theory. The friction factor hence is 
higher than that given in the conventional theory. The results additionally demonstrate 
material reliance of the flow behavior. 
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Oubarra et al. (2013) displayed hydrodynamic and thermal aspects of laminar 
incompressible slip flow over an isothermal semi-infinite even plate at a generally low 
Mach number are acknowledged and reconsidered. The non-similar and nearby 
comparability results of the boundary layer mathematical statements with velocity-slip 
and temperature-jump boundary conditions are acquired numerically for the vaporous slip 
flow. The numerical calculations are made by accepting no thermal jump for the fluid 
flow. Moreover, the inexact expository result of the boundary layer comparisons for high 
slip parameter is exhibited. Results from nonsimilar solution, nearby closeness approach, 
and inexact explanatory result are analyzed. We indicate that the likeness methodology 
utilized by a few researchers as a part of the most recent decades produces generous 
blunders in hydrodynamic and thermal aspects of the flow. Besides, faultless associations 
of these attributes are proposed for gaseous and fluid slip flows. The aftereffects of no 
similar result show, not at all like the past studies, that the general skin friction 
coefficient introduces an exceptionally slight reduction (vague) in the interim of the slip 
flow regime, though it diminishes essentially as the flow gets more rarefied. In addition, 
with expanding slip condition, the after effects of general Nusselt number, for gaseous 
flow, indicate that the heat transfer at the plate diminishes somewhat in the interim of slip 
flow regime while it expands on account of fluids flow. This study affirms that for the 
exact forecast of qualities of slip flow, the slip parameter must be dealt with as a variable 
instead of a consistent in the boundary layer.   
 Faghri et al. (1980) displayed an exploratory examination of laminar gas flow 
through micro-channels. The free variables: relative surface roughness, Knudsen number 
and Mach number were methodically shifted to focus their effect on the friction factor. 
The micro-channels were made into silicon wafers, topped with glass, and have hydraulic 
diameters between 5 and 96 mm. The pressure was measured at seven areas along the 
channel length to focus nearby values of Knudsen number, Mach number and friction 
factor. All estimations were made in the laminar flow regime with Reynolds numbers 
running from 0.1 to 1000. The results show close understanding for the erosion consider 
in the restricting instance of low M and low Kn with the incompressible continuum flow 
theory. The impact of compressibility is seen to have a gentle (8 percent) expansion in the 
friction factor as the Mach number approaches 0.35. A 50 percent diminish in the friction 
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factor was seen as the Knudsen number was expanded to 0.15. At long last, the impact of 
surface roughness on the friction factor was indicated to be immaterial for both 
continuum and slip flow regime.  
Hsieh et al. (2004) both theoretically and experimentally studied gas flow in a 
microchannel using nitrogen as working fluid (Kn 0.001 – 0.02). In analytical method a 
2-D continuous flow model is used where first slip boundary conditions is used and 
solved using a perturbation method. They found that the results are in good agreement 
with analytical solutions  
Satapathy (2010) studied steady state heat transfer in laminar 2D thin gas flows in 
a limitless micro-tube subjected to mixed boundary condition analytically. In this paper 
he principally concentrated on velocity slip and temperature bounce limit condition on 
the wall. The energy comparison is settled diagnostically by separation of variable 
strategy. For the hot liquid and cold wall circumstance the local bulk mean temperature 
increments with increment in Peclet number however diminishes with increment in 
Knudsen number. As Peclet number of Knudsen number increases thermal entrance 
length also increases. Local Nusselt number increments with increment in Peclet number 
yet diminish with increment in Knudsen number.                      
Zhang et al. (2010) studied effect of axial wall conduction in conventional thick 
wall of circular tube with constant outside wall temperature and found that axil wall 
conduction unifies the inner wall surface heat flux. 
 Moharana et al. (2011) both experimentally and numerically studied effect of 
conjugate heat transfer in mini channel array. Based on their study they concluded that 
axial wall conduction causes distortion in boundary condition at the solid fluid interface 
and thus influence heat transfer process. 
 Moharana et al. (2012) had numerically investigated effect of axial wall 
conduction in a square microchannel engraved on a solid substrate whose bottom face is 
subjected to constant wall heat flux. The parametric variations include solid to fluid 
conductivity ratio (ksf), wall thickness to inner radius ratio (δsf), and flow Re. They found 
that there exists an optimum ksf at which average Nu is maximum. They also found 
similar observation in circular microtube. 
10 
 
 Moharana and Khandekar (2012) numerically studied the effect of axial wall 
conduction in microtube subjected to constant wall temperature on outer surface. The 
parametric variations considered in their study are solid to fluid conductivity ratio (ksf), 
wall thickness to inner radius ratio (δsf), and flow Re. They found that with decreasing 
value of ksf, the average Nusselt number over the full channel length increases. When ksf 
approaches to a very smaller value near zero, the average Nu starts to increase sharply. 
Moharana and Khandekar (2013) studied effect of rectangular microchannel aspect 
ratio on axial wall conduction in solid substrate and found that average Nu is minimum 
corresponding to channel aspect ratio slightly lower than 2.0 
Kumar and Moharana (2013) numerically studied axial wall conduction in a partially 
heated microtube subjected to constant wall temperature in microtube and found that wall 
to fluid conductivity ratio (ksf) and wall thickness to inner radius ratio (δsf) plays a 
prevailing role in the conjugate heat transfer process. 
Tiwari et al. (2013) numerically studied axial wall conduction in a partially heated 
microtube subjected to constant wall heat flux in microtube and found that for both fully 
and partially heated microtube, there exists an optimum ksf at which Nuavg is maximum. 
Mishra and Moharana (2014) numerically studied axial wall conduction in a 
microtube where flow is sinusoidally varying with time i.e. pulsatile flow in nature. 
Based on the numerical simulation, they concluded that for a particular pulsation 
frequency (Wo) there exists an optimum value of ksf at which overall Nusselt number 
(Nu) is maximum, similar to the observation by Moharana et al. (2012). 
In recent years some researchers (Rostami et al., 2002; Shen et al., 2003; Baek et al., 
2012; Lahjomri and Oubarra,  2013) had seen some rarefied gases can be used as a 
working fluid for refrigeration and cooling systems. They had been carried out their 
investigation on the thermo-physical properties and other physical parameters of gases 
which affect the heat transfer rate. They had tried to find optimal conditions for cryogenic 
gases like Nitrogen, organ, and oxygen to use as a working fluid. 
Jiao et al. (2004) studied heat transfer in a copper tube with helium gas as the 
working fluid. They considered temperature dependent thermo-physical properties. They 
predicted temperature distribution and velocity profile in the miniature tube and 
presented correlation for Nusselt number. 
11 
 
Still the conjugate heat transfer under temperature dependent cryogenic fluid in 
microchannel is not explored. Therefore this study is undertaken to explore it in a 
systematic manner. 
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The cross-sectional solid faces of the micro-tube are assumed to be insulated. 
Considering angular symmetry, two dimensions Cartesian coordinate system (r-z) is used 
in our computational domain. Only one half of the transverse section of the micro-tube 
was included in the computational domain, in view of the symmetry conditions. Constant 
heat flux boundary condition is applied on the outer surface of the micro-tube 
The governing differential equations i.e. continuity, Navier-Stokes, and Energy 
equations are for fluid domain 
. 0u                                                                                                               (3.1) 
21.u u p u      
  
                                                                                      (3.2)  
2. .p
ku T c T
     

                                                                                           (3.3) 
For solid domain 
2 0T                                                                                                              (3.4)                      
The boundary conditions are 
At, z = 0 to z = L and y = 0,      symmetric axis 
At, z = 0 and y = 0 to y = δf ,      
At, z = L and y =0 to y = δf ,         gauge pressure 
At, z = 0 and y = δf to y = δs + δf,    0T
z
   
At, z = L and y = δf to y = δs + δf,    0T
z
   
The governing differential equations are solved using commercial platform 
Ansys-Fluent®. The “standard” scheme was used for pressure discretization. For velocity-
pressure coupling the SIMPLE algorithm was used in the multi-grid solution procedure. 
“second-order upwind” scheme was used for solving the momentum and energy 
equations. An absolute convergence criterion for continuity and momentum equations is 
taken as 10-6 and for energy equation it is 10-9. Helium enters the micro-tube with a slug 
velocity profile. Thus, the flow is hydro dynamically and thermally developing in nature 
at the tube inlet. Rectangular elements were used for meshing the computational domain 
and the grid independence test was ensured for all geometry included in the study. 
15 
 
Cryogenic fluid properties 
In a cryogenic fluid the thermo-physical properties are very sensitive to 
temperature; thus they change appreciably for smaller change in temperature. Therefore it 
is very important to consider this in conjugate heat transfer situation. The thermo-
physical properties as a function of temperature used as UDF in the simulation process 
using the following mathematical equations for viscosity, density, and thermal 
conductivity (Yaws, 1999). 
117 8 2 14 3( ) 4.25462 10 8.25786 10 9.43838 10 7.6085 10 ,f T T T T                  (3.5) 
20.41 99.36854( ) 0.1186 3.38334 0.93142
T T
f T e e
                                                               (3.6) 
6 2 10 3( ) 0.00793 0.000878621 2.50172 10 3.92 10fk T T T T
                                 (3.7)      
 
Grid independence test:  
Rectangular elements were used for meshing the computational domain and the 
grid independence test was ensured for all geometry considered in this study.  Local 
Nusselt number obtained for a tube with negligible wall thickness for three different grids 
of 32×4800, 40×6000, and 50×7500, for Re = 100 and q= 88000 w/m2, is shown in 
fig.3.2. The local Nusselt number at the fully developed flow regime (near the micro-tube 
outlet) changed by 0.68% from the mesh size of 32×4800 to 40×6000, and changed by 
less than 0.55% on further refinement to mesh size of 50×7500. Moving from first to the 
third mesh, no appreciable change is observed. So, the middle grid (40×6000) is selected, 
It can also be observed in Fig. 3.2 that the local Nusselt number values in the fully 
developed region are nearly equal to the theoretical value of Nuz  = 4.36 where Nuz is the 
Nusselt number for fully developed flow in a circular tube subjected to constant heat flux. 
 
Data reduction 
The interesting parameters are (a) peripheral averaged local heat flux (b) local 
bulk fluid temperature and (c) peripheral averaged local wall temperature. These 
parameters allow us to determine the effect of axial conduction on the local Nusselt 
number. The conductivity ratio (ksf) is defined as the ratio of thermal conductivity of the 
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.z
z
f
h DNu
k
                                                                                                       (3.12) 
where, the local heat transfer coefficient is given as 
"
( )
z
z
w f
qh
T T
                                                                                                    (3.13) 
For calculating he average Nusselt number over the full length of the microtube the 
following equation used 
0
1 L
zNu Nu dzL
                                                                                                   (3.14) 
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Chapter 4 
                    
Results and discussion 
 
 
As we said in previous chapter, while the inner radius of the micro-tube is keep 
constant, the thickness of the micro-tube wall in the radial direction (see Fig. (3.2)) is 
varied. This will help to understand the effect of wall thickness on the conjugate heat 
transfer. When thickness of the solid wall increases, the surface on which constant wall 
heat flux applied moves away from the solid-fluid interface.  
For flow through a microtube subjected to constant wall heat flux, heat transfer 
coefficient will be maximum when constant heat flux is experienced at the solid-fluid 
interface of the micro-tube. Under ideal conditions (zero wall thickness) if constant wall 
heat flux is applied to a circular tube, it will lead to maximum value of Nusselt number 
for fully developed laminar flow i.e. Nu = 4.36. For similar condition and constant wall 
temperature boundary condition, the fully developed Nusselt number will be equal to Nu 
= 3.66. Practically every channel will have some finite wall thickness and because of 
conjugate heat transfer conditions it is not guaranteed to have the same boundary 
condition at the solid-fluid interface which is applied on the outer surface of the micro-
channel. The objective of this work is to find the actual boundary condition experienced 
at the solid-fluid interface of a micro-channel subjected to fully heating by constant wall 
heat flux at its outer surface. 
The important parameters are axial variation of wall temperature, bulk fluid 
temperature, and local Nusselt number. We consider the micro-channel is heated over its 
full length. The axial variation of bulk fluid and wall temperature under ideal condition 
was presented in Fig. 1.1. Fig. 4.1 shows the axial variation of dimensionless wall and 
bulk fluid temperature as a function of, ksf, δsf and Re. The dotted line represents linear 
variation of bulk fluid temperature between the inlet and the outlet of the micro-tube, its 
limiting values in dimensionless form are 0 and 1. Under ideal conditions, the bulk fluid 
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ksf = 2822.3684 the axial variation of dimensionless bulk fluid temperature can be seen to 
be away from linear variation as shown in Fig. 4.1(a). It is higher at the entrance 
developing region and become linear in developed region of the micro-tube which is 
clearly shown in Fig. 4.1(a). It is quite similar to the result of Fig. 1.1(a). When we goes 
at higher value of δsf = 5, kept all other parameters constant we have seen it become 
linear throughout the micro-channel length Fig. 4.1(a). 
When we goes down to the value of ksf = 1.7105 at Re = 100, we have seen the 
dimensionless bulk fluid temperature and solid-fluid interface wall temperature varies 
linearly which is similar to the ideal condition. This result we can see in the Fig. 4.1(b, c). 
As we have seen in Fig. 4.1(c) this is the case in which the difference temperature 
between the solid-fluid interface wall temperature and bulk fluid temperature is very less 
so we can say this is the isothermal condition. 
Now when we kept all other parameters constant and move towards higher flow 
rate Re = 500, we have seen the results again come closer to the ideal condition for lower 
value of micro-tube and wall thickness ratio (δsf = 1), while it going away from ideal 
condition for higher value of wall thickness and micro-tube diameter ratio (δsf = 5).    
At higher value of flow rate Re = 500 and lower value of conducting ratio ksf = 
1.7105, it can be clearly observed that as shown in Fig. 4.1(f), the constant temperature 
difference between the dimensionless bulk fluid temperature and solid-fluid interface 
wall temperature. 
From this study, it can be seen that the heat flux experienced at the solid-fluid 
interface is almost axially constant irrespective of the conductivity ratio (ksf), thickness 
ratio (δsf). At higher thickness ratio (δsf), the actual heat flux experienced at the solid-
fluid interface is much more than for lower thickness ratio (δsf). This overall axial 
variation in heat flux is due to the fact that low thermal conductivity ratio and lower 
thickness ratio (δsf) causes higher axial thermal resistance in the wall and vice versa. 
Accordingly, at higher δsf low axial thermal resistance of the wall leads to significant 
back conduction; this effect becomes more noticeable with increase in solid to fluid 
conductivity ratio (ksf). As we can see in Fig. 4.2 (a) and Fig. 4.2 (b). We can see that for 
some distance from inlet in the direction of axial location the value of ratio of heat flux is 
approximately constant for lower value of  ksf  = 1.7105 with value nearly equal to 2 and 
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say that value of heat flux at solid-fluid interface is mainly depend on wall thickness and 
conductivity ratio when at outer periphery constant wall heat flux is applied. 
Zhang et al. (2010) had also reported similar observations. They had applied a constant 
temperature boundary condition at the outer surface of a circular tube and found that the 
dimensionless heat flux at the solid-fluid boundary tends to become constant when axial 
conduction in the tube wall dominates. That the dimensionless heat flux at the solid-fluid 
boundary tends to become constant when axial conduction in the tube wall dominates. 
From above Fig. 4.2 it is clear that for all conditions the heat flux is strong function of ksf 
and δsf, but it is a weakly dependent on the flow rate Re due to axial back conduction. 
           The axial variation in dimensionless wall and bulk fluid temperature (as in Fig. 
4.1) and dimensionless wall heat flux (as in Fig. 4.2) will be decides the value of local 
Nusselt number. Axial variation of local Nusselt number for micro-tube subjected to 
boundary condition constant wall heat flux is represented in the Fig. 4.3. 
 As we discussed previously if the if the boundary condition experienced at the 
solid-fluid interface is close to constant wall heat flux, then the local Nusselt number in 
the fully developed zone will converge close to Nuz = 4.36. And if the boundary 
condition experienced at the solid-fluid interface is close to constant wall temperature, 
then the local Nusselt number in the fully developed zone will converge close to NuT = 
3.66. For low flow rate Re = 100 and lower wall thickness, the fully developed Nusselt 
numbers (Nuz) are slightly lower than Nuz and the value of Nuz decreasing with 
increasing value of δsf, which can be observed in Fig. 4.3(a). Secondly, when we go down 
to the value of ksf, kept all other parameters constant, the value of local Nusselt number 
become constant along the axial direction of micro-tube only except entrance region as 
shown in Fig. 4.3 (a, b and c). When we increase the flow rate, kept all other parameters 
constant, local Nusselt number increase and it decreases, increases the wall thickness. It 
goes down near the ideal value of Nuz = 4.36. 
 
As shown in above Fig. 4.3 (a and b) the value of local Nusselt number is very less than 
the ideal value (Nuz = 4.36) at the entrance region. These lobes are formed due to the 
large temperature difference between solid-fluid wall and bulk fluid temperature. This 
effect is firstly described by the Brinkman and it’s shown by the Brinkman number. 
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The axial variation of wall temperature at the solid-fluid interface drifts more towards the 
trend of constant heat flux in the thicker wall. This generates higher Nusselt number 
compared to thinner tube wall thickness. It is very clear from Fig.4.4 that the value of 
average Nusselt number is maximum at very low ksf and decreases when move towards 
higher value of ksf. The value of average Nusselt number is maximum at an optimum 
value of ksf. So we can say, for an optimum value of Nusselt number heat transfer will not 
vary with thickness ratio (δsf). 
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Chapter 5 
                                                                                                                     
Conclusion 
 
 
       A numerical study has been carried out for internal convective cryogenic fluid 
flows in a micro-tube subjected to conjugate heat transfer situation. This study has been 
carried out to understand the effect of axial wall conduction in cryogenic fluid for 
developing laminar flow and heat transfer in a circular micro--tube subjected to constant 
heat flux boundary condition imposed on its outer surface. Simulations have been carried 
out for a wide range of pipe wall to fluid conductivity ratio (ksf: 1.7105-2822.3684), pipe 
wall thickness to inner radius ratio (δsf: 1- 5), and flow Re (100 - 500). The main 
outcomes of this study are, for fully heated micro-tube, it is found that the value of Nuavg 
is increasing with decreasing value of ksf and the rate of increase of Nuavg is higher for 
smaller values of ksf (ksf < 30). Secondly, when other parameters are remaining same, for 
lower δsf, Nuavg is higher than higher δsf. The difference between the Nuavg values 
(corresponding to δsf = 1-5) at lower ksf is higher compared to higher ksf values. Finally, 
the value of Nuavg increases with increasing fluid flow Re while other parameters are 
constant. Therefore, depending on situation, axial conduction enhance/reduce overall heat 
transfer process.  
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